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Abstract
The present paper is aimed to developing an effective field theory in the GeV re-
gion to describe consistently both elastic and inelastic NN -scattering in a fully
covariant way. In this development we employ our novel s-channel mechanism of
NN -interaction at intermediate and short ranges assuming a formation of the six-
quark bag dressed with basic meson fields such as pi, σ, ρ and ω in the intermediate
state. The peripheral part of the interaction is governed by t-channel one- and two-
pion exchanges described fairly well by chiral perturbation theory. The σ-meson
dressing should be especially important for the stabilization of the bag due to a
high coupling constant of the σ-meson with the bag and also a strong interaction
between the σ-field and space symmetric quark core |s6[6]〉. This stabilization of
the intermediate dressed bag (which shifts the mass of the bag downward to NN
threshold) will be crucially important for the description of pi, 2pi, ρ and ω-meson
production in NN -collisions, and, in particular, for the correct description of pi0
production near threshold. So that, we expect that the results of the present work
will lead to a deeper understanding the short- and intermediate-range nuclear forces
and internucleon correlations in nuclei.
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1 Introduction: modern status of the theoretical description for
the intermediate- and short-range NN interaction
More than 50 years ago Hans Bethe has remarked about the nature of nucleon-
nucleon in his famous review “What Holds the Nucleus Together?”: “. . . In the
past quarter century physicists have devoted a huge amount of experimenta-
tion and mental labor to this problem – probably more man-hours than have
been given to any other scientific question in the history of mankind . . . ”. And
this claim is still valid today. Despite of the enormous efforts of many labs,
groups and personal researchers over the world during the last 50 years and
despite of the great progress in experiments and fundamental theory provided
by developments in QCD, we are still not having in our disposal a consis-
tent and reliable dynamical theory for the NN -interaction at intermediate
and especially at short distances, which can form a solid basis for the ex-
planation of numerous precise experimental data in meson-production in pp,
pd, . . . collisions, in few-body physics and in many two-proton photo-emission
nuclear experiments, like A(γ, pp), A(e, e′pN) etc., at rather high momentum
transfer.
We enumerate here some of basic points where the conventional description
of the short-range NN -interaction in terms of meson exchanges (e.g. σ, ρ, ω,
ρ− π, ω− π etc.) fails or looks to be quite inconsistent. First of all, the value
of the ωNN coupling constant (which is responsible for the short-range NN
repulsion and the spin-orbit splitting) accepted in all OBE-models turns out to
be in the range g2ωNN/4π = 13.6−20 which is much larger than the respective
SU(3) value (∼ 5) while all other coupling constants used in OBE-models are
in a good agreement with the respective SU(3) predictions. Another evident
inconsistency is that almost all meson-exchange nucleon-nucleon models use
a too high value for the tensor-to-vector ρ-meson coupling to the nucleon,
κρ ≈ 6− 7. At the same time, an analysis of the data on πN scattering yields
a much more modest value, κρ ≈ 1− 3 for this parameter (see, e.g. [1]). Thus
the short-ranged central and tensor nucleon-nucleon forces in boson-exchange
models are enhanced ”by hand” to reproduce the experimental NN phase
shifts.
Another fundamental difficulty in the traditional OBE-approach, also tightly
related to the short-range nucleon-nucleon interaction, are the very large val-
ues of cut-off parameters ΛpiNN , ΛpiN∆, . . . in meson-baryon vertices, which are
responsible for short-range limit of the NN -interaction. In fact, the values of
ΛpiNN , ΛρNN etc. accepted in traditional OBE-models (∼ 1.5− 2 GeV) are at
least three times larger than those derived from any dedicated experiments
(e.g. from πN scattering), or from all fundamental theories (∼ 0.5−0.7 GeV).
Moreover, the values of ΛpiNN or ΛρNN necessary to fit the charged pion pro-
duction in pp-collision is strongly different from those values needed to fit
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Fig. 1. Average 3He(e, e′pp) cross section as a function of the missing momentum pm
for the data measured in kinematic settings LQA and LQV (for the explanation see
the text of Ref. [7]) and the (energy, momentum) transfer values (ω, q)=(220 MeV,
305 MeV/c). The solid and dashed lines represent the results of calculations with
a one-body current operator and including MECs, respectively, using the Bonn-B
NN potential.
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Fig. 2. Average 3He(e, e′pp) cross section as a function of the energy transfer ω at
the value of momentum transfer q = 375 MeV/c and 50 < pm < 100 MeV/c (left)
and 200 < pm < 300 MeV/c (right). The crosses give the experimental data while
the curves represent calculations with a one-body current only (solid), including
MECs (dashed) and including MECs and static isobar currents (dot-dashed).
the elastic pp-scattering. And those both values are different from respective
values which are adopted in 3N -force operator to fit the 3N binding energy
within 2N - and 3N -force models driven by one-boson exchange [2,3,4,5].
A direct consequence of the improper treatment for the short-range nuclear
force and respective short-range two-nucleon correlations in nuclei is a quite
serious disagreements between the predictions of most realistic modern few-
body theories and data observed in a few key e.-m. experiments like A(e, e′pp),
A(e, e′pn) etc. at rather high momentum and energy transfers [6]. To illustrate
the current situation in this field we present in Figs. 1 and 2 (taken from Ref.
[7]) the comparison between the most elaborated modern calculations for 3N -
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system (both in bound state and continuum) which include also the respective
MEC-contributions [8] and the results of recent experiments at NIKHEF on
3He(e, e′pp)n reaction.
It is clearly seen from the comparison between theoretical and experimental
results that the underlying mechanism of the reaction should be quite different
as compared to that assumed in the existing theoretical approach (because
the energy and momentum dependence derived from the theory have opposite
trends than the experiments showing – see Fig. 2). A similar disagreement
has also been observed in electromagnetic knock-out of a pn-pair from 3He
[9] in the Mainz experiments. So one can expect a quite different mechanism
for such reactions at rather high momentum transfers as compared to that
underlying the OBE-picture of 2N and 3N interactions.
The key problem in a consistent theoretical description for such experiments is
that the large incident momentum of a high-energy projectile has to be shared
among several nucleons in nuclei, which requires a very strong short-range
correlation of nucleons [10]. But the conventional picture of the correlations
induced by the t-channel meson exchanges can transfer the high momentum
only with high values of cut-off parameters Λ, or, alternatively, by incorpo-
ration of the numerous diagrams with multiple rescatterings in intermediate
state [11], which are out of the control.
In the last decade, numerous attempts have been made to describe the in-
termediate and short-range NN interaction within the framework of a clus-
ter quark model employing the Resonating Group Method (RGM) approach
[12,13,14,15]. However all these attempts were only partially successful and
unable to extend the energy range much larger than 300–400 MeV. Another
serious problem with these QCD-inspired approaches is their inability to de-
scribe consistently the inelastic processes, e.g. the one- or two-pion produc-
tions. They focused only on the elastic NN scattering at rather low energies.
Thus we have now “on the market” two extreme types of models for the
short and intermediate range NN interaction: either the traditional OBE-
type models which do not include any quarks, or the quark-motivated models
which include the mesons only as the carriers of qq interaction [12], i.e. with
no explicit mesonic degrees of freedom. Thus, with such a limited basis the
quark models immediately meet serious problems in the description of meson
production in NN collisions (which do require the incorporation of mesonic
degrees of freedom in an explicit form).
After the well-known work of Weinberg [16] the effective field theory (EFT)
approach became very popular and has been applied to the NN interaction
and related phenomena in two forms: (i) in the “pionless” form which gen-
eralises somehow (in field-theory language) the effective range expansion [17]
and (ii) in the form of Chiral Perturbation Theory (ChPT). In both directions
4
great progress has been made and full calculations up to high orders are now
feasible. Within the framework of ChPT the calculations have been performed
[18,19] (see also [20]) for NN elastic scattering with energies up to 290 MeV
(in lab. system) and for deuteron properties. The authors [18] used the ChPT
expansion up to fourth order (i.e. N3LO) and have derived the respective NN -
potential which leads to the same quality of fit for the NN phase shifts (with
χ2 ∼ 1) as for the best modern phenomenological NN -potentials. For this
fit some 29 free parameters has been employed, 26 of them being related to
parametrization of contact terms (in L ≤ 2). These contact terms, however,
are out of the control by chiral theory and thus the description of short-range
interaction is still on a purely phenomenological level.
On the other hand, recent very powerful efforts of the Juelich group to de-
scribe quantitatively the very abundant and precise new data on the neutral
pion production cross sections and analyzing powers in ~p~p-collisions obtained
in IUCF [21] have revealed a rather strong disagreement between well de-
veloped theory based on the meson-exchange approach and the polarization
observables (see Fig. 3) [22]. This means that the traditional models still fail
to describe the π0-production in pp-collisions (especially for the spin observ-
ables). There are also quite serious problems in the description of two-pion
production in pp-collisions found in recent experiments at Uppsala [25]. Here
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Fig. 3. Comparison of the model predictions (see the Ref. [22]) to the data
(pp → pppi0) taken from Ref. [21], (pp → dpi+) Ref. [23] and (pp → pnpi+) Ref.
[24].
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the main focus is on the simultaneous description of π+π−, π0π0 and π+π0
pair production. While the existing theory is able to predict the data in one
channel, e.g. in the π+π− channel, it fails to give a reasonable description
in the other two channels (see Fig. 4). So, the existing theory seems not to
include some important contribution(s) in the two-pion production sector.
Fig. 4. The total cross sections for the two-pion production pp → pppi0pi0 and
pp → pnpi0pi+ (quoted from Ref. [25]) shown together with the previously exist-
ing data in the intermediate energy region [26]. The curves represent theoretical
predictions [27].
All these problems are tightly interrelated to the short- and intermediate-
range NN interaction. So, the understanding of this part of NN -interaction
should be essentially improved. It is worth to add here that some interesting
new proposal dedicated to the experimental and theoretical study for short-
range pp correlations in 3He and other light nuclei have been elaborated very
recently by a team in the US [28]. But in their project the authors avoided
any reference to microscopic or field-theory approaches and employed only
some phenomenological estimations based on pp scattering in the high-energy
region.
On the other hand, the short-range NN correlations are very crucial for our
understanding the nuclear properties at moderate and high momentum trans-
fer and more deep insight into phase transitions in nuclear matter. It should
be stressed here while the existing theory can treat the averaged nuclear prop-
erties like single-particle momentum distribution on the quantitative level it
meets serious problems when explaining the two-body short-range correla-
tions even for the lightest nuclei like 3He, where we can treat now both bound
states and also the three-nucleon continuum fully consistently (i.e. with com-
plete account of FSI and rescattering terms). Thus all the above facts (and
also other arguments omitted here) and experimental findings have motivated
us to develop some alternative approach for the intermediate- and short-range
nucleon-nucleon force and alternative mechanisms for single- and two-meson
production and also for short-range correlations in nuclei.
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The present study is devoted to developing an alternative and new way for
the treatment of the intermediate- and short-range correlations [3,29,30]. This
novel approach starts with an important observation that the t-channel nucleon-
nucleon interaction induced by two-pion exchange with full account of 2π
correlation in I = J = 0 state (i.e. in the σ meson channel), being treated
consistently, leads inevitably to strong short-range repulsion and very weak
intermediate-range attraction [31,32,33] instead of the strong attraction in-
duced by the conventional σ meson exchange in OBE-models where the σ is
treated as a stable particle [34]. This amazing result has been obtained re-
cently by two independent methods [32,33] and thus looks to be established
rather reliably. Moreover, in the latter work [33] it was found that even the
NN spin-orbit force induced by scalar 2π-exchange is almost totally repulsive,
i.e. it is in sharp contrast to that which is required by the fit to NN phase
shifts. So, we need some other general source for intermediate-range strong
attraction and the short-range repulsion for the central NN force and also an
another source for the strong attractive spin-orbital NN interaction.
The new force model proposed recently by two groups jointly: the Moscow
State University group and the Tu¨bingen University group [3,29,30,35], treats
the intermediate- and short-range NN -interaction as that proceeding through
an intermediate dressed six-quark bag (i.e. via s-channel mechanism):
NN → (6q +meson fields)→ NN,
where the dressing by the meson fields (mainly through the σ-field) surround-
ing the dense six-quark core strongly stabilizes the 6q-bag and shifts its mass
downward to the NN threshold. The physical pattern underlying this new
s-channel mechanism can be shortly outlined as follows [35]. Due to a strong
attraction of the σ-meson to the quarks in the |s6[6]〉 configuration and spher-
ical symmetry of the s6 six-quark bag, the σ-field will compress somehow the
bag. This bag compression may induce very short-range scalar diquark corre-
lations in the bag and enhances further the quark-meson interaction. All these
attractive effects will compensate completely the energy losses originated from
σ-meson generation and rather high kinetic energy of quarks in the bag. So the
net result of this interplay has been estimated to be strongly attractive. Then
we employed the quark-meson microscopic model [29,30] to estimate these ef-
fects and to construct the respective new model for the NN interaction at
short ranges. Our extensive tests have demonstrated [30,35,36,37] that this
model works very well and makes it possible to explain many long-standing
puzzles in the field, e.g. it uses the OPE terms with proper cut-off parameters
Λ ∼ 0.5 GeV. The new model predicts also the appearance of a strong three-
nucleon scalar force induced by σ-exchange between the dressed bag and the
third nucleon.
To study the effects of the new 3N scalar force when calculating the proper-
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ties of 3H and 3He nuclei, we have developed [36,37] some multi-component
formalism which made it possible to include both nucleonic and dibaryon com-
ponents into 3N wave functions. It has been found [36] the latter components
in 3N wave function has a quite noticeable weight (∼ 10% or even higher)
and these contribute very essentially to the total 3N binding energy. Thus the
interplay between two-body and three-body force contributions peculiar to the
conventional force models is changed drastically in the new approach. How-
ever, despite of this, we were still able to describe fully quantitatively, with
no adjustable parameters, the basic static properties of 3H and 3He nuclei,
especially the Coulomb displacement energy EB(
3H) − EB(3He) which was a
long-standing puzzle in the field. Thus we can summarize here that albeit the
new force model predicts some novel features of nuclear force it leads, at least,
for static observables, largely to the same 3N observables as for other modern
approaches like CD-Bonn 2N + 3N UIX or TM forces. However many other
effects in strong or electroweak interaction phenomena will be described in
fully different manner with the new force model.
In previous versions of the model [30], we extensively employed the semi-
relativistic quark-meson microscopic model and σ-meson dressing and have
fitted the lower partial NN phase shifts with the model up to 1 GeV. However,
in order to work reliably in the range 1–3 GeV we need a consistent fully
relativistic approach.
Another important application of the new force model was a treatment of
short-range N∆ interaction within the same dressed bag model [38]. This
part of N∆ interaction is at the moment still poorly known, however it can
be crucially important in the description of numerous processes in two- and
few-nucleon systems going through ∆-isobar current and accompanied by a
large momentum transfer, like one- or two-pion photoproduction d(γ, π+),
d(e, e′π+π−) etc. In our new field theoretical approach the N∆ and ∆∆ chan-
nels are considered on the same footing as NN channel by calculating the
respective N∆ and ∆∆ loops of the dressed dibaryon [39].
On the other hand, the formalism developed makes it possible, in general, to
treat the elastic and inelastic channels in a unified way (see the subsequent
section of the article). The only possible way that meets the above general
requirements which the present authors can presently imagine is a fully co-
variant field-theoretical approach. Effective field-theory approaches became
very popular in this field in last decade.
Such an effective field approach is ideally suited for our purposes because it
includes in an absolutely natural manner the relativistic formalism and the
processes (in intermediate and final states) with generation of other particles
(mesons, isobars etc.). It can deal also quite naturally with meson and baryon
loops in the intermediate states.
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Thus we propose in the current work to develop a unified effective field theo-
retical approach to treat intermediate- and short-range NN -interaction at low
and intermediate energies of 1–3 GeV jointly with description of meson produc-
tion processes at pp and pn collisions. The clear distinction of the present force
model from the existing ones in this aspect is the appearance of new (dressed)
dibaryon components in all nuclei with quite significant weight ∼ 5−10%. This
component can absorb, contrary to the conventional single-nucleon picture, a
large momentum and energy. So, many processes associated, e.g. with high mo-
mentum transfer, can proceed easily through this new dibaryon component,
the latter being excited by external probe can produce e.g. a few mesons, or an
isobar etc. And these production processes through the intermediate dressed
dibaryon should have much a higher probability than the corresponding pro-
cesses by absorption on one nucleon or on a meson-exchange current. Our
first calculations made within the framework of this approach to treat some
electromagnetic processes in 2N and 3N systems have lead to quite promising
results [36,37,40].
The structure of the paper is as follows. In Section 2, we explain the new
physical model for intermediate and short-range NN interaction. In Section
3, an effective field-theoretical approach is developed, which describes in the
field-theoretical language the above physical model with s-channel dibaryon
generation. Section 4 is devoted to derivation of a relativistic NN -potential
using the formalism developed above. The semi-phenomenological nonrela-
tivistic model proposed by our joint group previously is compared with the
present treatment. In Section 5, we dwell briefly on a generalization of our
approach to other hadronic processes like single- and two-meson production
in pp-collisions. In Conclusion, we summarize the content of the work.
2 Physical model for the intermediate- and short-range NN force
Here we will outline a multiquark model for the intermediate dressed dibaryon
in s-channel, whose formation is assumed to be responsible in our approach
for intermediate- and short-range NN interaction.
We start with an observation done a decade ago [41] that from two possi-
ble space symmetries, viz. [3]x ⊗ [3]x = [6]x ⊕ [42]x, the |s6[6]x〉-component
has comparable projections onto three possible two-cluster components, viz.
|NN〉, |∆∆〉 and |CC〉, while the second possible component |s4p2[42]x〉, which
corresponds to the 2~Ω excited six-quark configuration (more exactly a coher-
ent sum of many such components), has a large projection onto the |NN〉
channel only. Thus, the fully symmetric part of the total six-quark wave func-
tion |s6[6]x〉 can be identified with the bag-like structure while the mixed sym-
metry part |s4p2[42]x〉 should be associated with the cluster-like |NN〉 com-
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ponent. Hence, from the six-quark symmetry point of view the 2~Ω-excited
six-quark part corresponds to the proper initial NN channel while the ground
|s6[6]x〉 part includes mainly the intermediate bag-like components. Therefore
the whole s-channel process going through the intermediate dressed dibaryon
can be represented by the following chain of steps:
(1) Fusion of two three-quark nucleon clusters into 2~Ω excited six-quark
system with the space symmetry |s4p2[42]x〉 1 .
(2) Emission of two S-wave pions from the excited mixed symmetry bag with
subsequent formation of the scalar isoscalar σ-meson due to very strong
correlation of these two S-wave pions: |s4p2[42]x〉 ⇒ |s6〉+ (ππ)J=I=0.
(3) Generation of the spherical dense six-quark bag |s6 + σ〉 in which the
spherical core is surrounded by strong scalar σ-field that compresses the
quark bag due to strong attraction between σ-field and quarks.
In this new phase, one has two very important features characterizing the
six-quark dynamics of the bag:
• partial restoration of the chiral symmetry, that leads to strong reduction in
both σ-meson and constituent quark masses;
• essential enhancement of diquark correlations in the bag due to the bag
compression 2 . This enhancement should lead to additional energy gain in
the process.
These two strong effects lead to a strong effective attraction in NN -channel at
intermediate range. And this two-stage complicated mechanism replaces in our
approach the simple t-channel σ-exchange in conventional OBE-models (which
is invalid as has been proved by recent studies [32,33] – see the Introduction)
and is the origin for intermediate range NN -attraction.
However, this dressed bag state, being singlet in color space, has still a large
overlap with the NN -channel, so that this state can decay fast back into the
initial NN -channel. Hence, this intermediate dibaryon has a large width (∼
300−400 MeV) and thus cannot be visualized as a resonance-like bump in NN
phase shifts or cross sections. Our previous papers [3,29,30] have demonstrated
that this two-stage mechanism is quite able to explain with reasonable σqq
and πqq coupling constants NN phase shifts in low partial waves up to 1 GeV.
So that, quite similar to the nucleon dressing by a pion field, the dibaryon is
dressed mainly by the scalar-isoscalar σ-field and the physical dibaryon should
exist partially in the bare state and in the dressed state.
1 It can be shown this six-quark component should be identified with the strongly
deformed, i.e. string-like six-quark bag.
2 It should be reminded that the characteristic size of diquarks is rather small. For
example, in the random instanton liquid model it is around of the instanton size,
i.e. rdq ∼ 0.4 fm [42].
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Resorting to a diquark language for description of the NN → DBS (the
dressed bag state) transition, one can assume that two unpaired quarks from
both nucleons form a diquark pair (of scalar or axial-vector type) and thus,
the intermediate stage in the transition is a state composed from three di-
quarks. Then such a three-diquark state gets dressed further with the σ-field
that squeezes the bag. As a consequence, it can become favourable for di-
quarks to condense [43,44,45] at large energies. At the same time, the chiral
symmetry gets partially restored, i.e. we are faced to a phase transition from
the usual chiral-broken phase to the so-called color superconducting phase. In
the present study, we are, of course, far from the regime of color superconduc-
tivity but the quark-quark correlations can still play a significant role already
in low energy physics. In some way diquarks can serve as useful constituents
and building blocks in investigating the properties of multi-quark systems [46].
Anyway, the generation of the σ-field in the symmetric 6q-bag leads to a large
energy gain and the physical mass of the dressed bag shifts strongly down-
wards. Effectively it corresponds to an appearance of a strong attractive force
in the NN -channel.
Another important issue in the suggested mechanism for NN → DBS tran-
sition is a domination of the excited mixed symmetry |s4p2[42], LSI〉 in the
initial stage of the transition, so that the resulting NN -wave function has a
nodal structure. That the 2~Ω excited mixed symmetry state dominates in the
NN -wave function over a fully symmetric non-excited |s6[6]〉 configuration can
be argued from various points of view. One argument is related to the specific
spin-flavor nature of qq interaction in the Goldstone-boson-exchange model
[47]. However, in this model for the qq force, both configurations lie rather
high in energy, so that the effective NN -interaction in both symmetries corre-
sponds to repulsion. The second argument is that the σ-dressing of the mixed
symmetry bag: |s4p2[42]〉 → |s6[6] + σ〉 leads to much stronger energy shift
of the bare initial 6q-configuration than the respective shift of the symmet-
ric state: |s6[6]〉 → |s6[6] + σ〉, because the latter process is in close analogy
with the Lamb shift (due to interaction of quarks in the bag with vacuum
fluctuations of the scalar field around the bag) while in the first process the
σ-field is generated via a real deexcitation of two p-shell quarks and their
transition to the s-orbit. The next section is devoted to the more formal and
strict formulation of this qualitative pattern in terms of a covariant effective
field theory.
3 Effective field theory with dibaryonic degrees of freedom for de-
scription of intermediate- and short-range NN interaction
We are aiming to develop a consistent covariant field-theoretical description
for the dibaryon model of nuclear forces, which allows us to go up to the
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intermediate energy region 1–3 GeV inaccessible to ChPT. This approach
leads to the important modification of the force model: there arises a consistent
scheme for the dressing of 6q-bag in terms of effective field theory. Here the
additional account of mesonic degrees of freedom in the DBS leads to an
addition of corresponding loops in the complete polarization operator of the
dibaryon, instead of a total replacement of the vertices in the transitionNN →
D+m (m = π, σ, ω, ...), (as was in our previous version of the model [30] and
was described briefly in the preceding Section), see Fig. 5.
It is important to stress that such a field theoretical picture allows to carry
out a natural matching between the field theory approach at low-energies
(where ChPT is fully applicable) and the high energy region. In both regions
one can now formulate a field theoretical language. In such an approach, the
peripheral, i.e. the “external” part of NN -interaction is described by the con-
ventional π- and 2π-exchanges in the t-channel while the intermediate and
short range interaction is described via generation of an intermediate dressed
dibaryon which can be represented as a color quantum string able to vibrate
and rotate. In the present model the intermediate dibaryon is produced by
the color exchange between two quarks belonging to different nucleons with
subsequent formation of a double string (possibly with diquark clusterization
due to a strong σ-field generated on later stages of the process). The schematic
evolution for this process is depicted in Fig. 6. To be more specific, we assume
when the two quarks belonging to different 3q-clusters interact and exchange
a color, this can lead to the formation of either a nonconfined six-quark state
(i.e. NN , N∆, etc.) or a confined 6q-state locking by a hexagon-type string
[39]. The first non-resonance process is, in fact, analogous in action to con-
ventional meson exchange, while the second leads to formation of a hidden
color CC-state. In diquark language, the first mechanism can be represented
by the diagram with two interacting quarks forming a color representation 6
= +
,
,
+ .  .  .
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Fig. 5. The graph in the first row illustrates the s-channel NN interaction through
the intermediate dressed dibaryon D (the peripheral one-pion exchanges are also
shown). The graphs in the second row illustrate some possible diagrams for the
dibaryon dressing.
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Fig. 6. Possible mechanism of dibaryon formation. Di means that there are possible
diquark correlations in dibaryon.
of SU(3) group, because the one-gluon exchange or instanton induced interac-
tion between quarks in this channel is repulsive. But if two interacting quarks
form the system in a 3 color representation, the attractive correlations may
lead to patching the quarks and as a consequence to the diquark formation.
In this latter case, the dibaryon can be modeled as a system of three diquarks
connected by Y-type string.
3.1 General formalism
Because the value of quark radius of a nucleon is around 0.6 fm and the
interaction between quarks can proceed also at the peripheral regions of both
nucleons, the size of the intermediate dibaryon can be around 1 fm, so that
the dibaryon cannot be considered as a point-like object. Thus, the transition
amplitude NN → D(CC) → NN must be described through the non-local
Lagrangian density:
Mfi = i〈4, 3|T
[
ei
∫
dx dx′Lint(x,x′)
]
|2, 1〉 − i〈4, 3|I|2, 1〉. (1)
Here T means time-ordering while the bra and ket |2, 1〉 and 〈4, 3| relates to the
initial and final nucleons with 4-momenta p2, p1 and p4, p3 respectively. The
second term in (1), where I is the unit matrix, corresponds to the propagation
of noninteracting nucleons and thus must be subtracted.
The nonlocal Lagrangian density in Eq. (1) corresponding to transition from
the two-nucleon to a bare dibaryon state, and the subsequent dibaryon dressing
can be written in the form:
Lint(x1, x2) = LDN + LDm, (2)
where the Lagrangian
LDN = N˜(x2){Ψ(x1, x2)V0(x1−x2)+ γ5γµΨµ(x1, x2)V1(x1−x2)}N(x1)+h.c. (3)
is odd in dibaryon field operators Ψ and Ψµ, and the Lagrangian LDm describ-
ing the interaction of 6q-bag with its meson cloud, is even in Ψ’s. The function
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Ψ(x1, x2) describes the dibaryon with spin S = 0, while Ψµ(x1, x2) corresponds
to the S = 1 dibaryon (in both cases the isospin is assumed to have the value
I = 0, for the case of isospin I = 1 we should make a replacement Ψ→ ~τ ~Ψ in
(2)). The bispinor N˜ ≡ NTC−1γ5iτ2 has the same transformation properties
as the Dirac-conjugated nucleon-field operator N = N †γ0 in the Lorentz and
isospin groups, C = iγ2γ0 is the charge-conjugation operator, τ2 is a Pauli
matrix, and NT stands for a transposed matrix. We use the notation and
definitions borrowed from Ref. [48].
The interaction V (x1 − x2) related to the transition vertex NN → D can be
illustrated by the graph shown in Fig. 7. This interaction can be found, in gen-
eral, from the quark-microscopic model, e.g. assuming a diquark substructure
of the dibaryon. But, since in this work, we are interesting in developing a gen-
eral effective field-theory approach to the dynamics of the intermediate dressed
dibaryon we will ignore any details of quark substructure of the dibaryon. So
that, the potential V is taken from the overlap of the inner nucleonic wave
functions (we postpone more elaborated calculation of this transition to the
near future):
V (x) = g
∫
d4yfN(y + x/2; p1)fN(y − x/2; p2), (4)
where we choose for the fN the covariant harmonic oscillator wavefunction:
fN (x; p) =
α
π
exp
[
α
2
(x2 − 2(xp)
2
m2N
)
]
, (5)
g is an effective coupling parameter and mN denotes the nucleon mass. In
non-relativistic limit
fN(x, p) ≈ α
π
exp [−α(x20 + x2)/2], (6)
C-C  state
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Fig. 7. The vertex for two-nucleon-to-dibaryon transition when two quark, belonging
to different nucleons, interact with each other with subsequent formation of hidden
color CC-state (or dibaryon) bound by double string.
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so we get a covariant form for V (x):
V (x) = g exp
[
α
4
(x2 − 2(xP )
2
m2N
)
]
, (7)
where P = p1 + p2 is the c.m. 4-momentum of two nucleons.
From Eqs. (1) and (3), it is evident that the transition amplitude must be
even in dibaryon field operator and at least of the second order in interaction
with a nucleon current. As a result, one has the following expression for Mfi
(in I = 0 channel):
Mfi =
1
2!
∑
S
∫
d4x1 d
4x2 d
4x3 d
4x4〈4, 3|N(x4)Γ†SN˜(x3)×
× GS(x3, x4; x1, x2)N˜(x1)ΓSN(x2)|2, 1〉VS(x1 − x2)VS(x3 − x4), (8)
where GS(x3, x4; x1, x2) is an exact dibaryon propagator that takes into ac-
count the dressing of the dibaryon with meson fields. The vertices ΓS are
equal:
ΓS =
 1, S = 0,
γ5γµ, S = 1.
(9)
The dressed dibaryon propagator is found by solving the respective Dyson
equation
GS(x3, x4; x1, x2) = GS(x3, x4; x1, x2)+∫
d4x′1 d
4x′2 d
4x′3 d
4x′4G
S(x3, x4; x
′
3, x
′
4)Π
S(x′3, x
′
4; x
′
1, x
′
2)GS(x′1, x′2; x1, x2),
(10)
where
GS = −i〈0|TX,X′ [ΨS(x3, x4)ΨS(x1, x2)]|0〉 (11)
is a bare dibaryon propagator and ΠS stands for a polarization operator of
the dibaryon 3 . Here, the time-ordering is performed with respect to the co-
ordinates X and X ′ of the dibaryon center of mass. It is worth to note that
the T-ordering on the coordinates (of the two color clusters) x3, x4 and x1, x2
in amplitude Mfi corresponds only to the positive and negative signs for the
time-like components of the relative coordinates x = x1− x2 and x′ = x3− x4
in the integration over xi (i = 1..4), while the mixed ordering, for example, on
the coordinates x1, x3 and x2, x4 results in two types of exchange interaction
3 As for the dressing of the dibaryon we will consider the meson loops and also
intermediate N∆ and ∆∆ loop diagrams. Thus, all other interactions in the multi-
quark system, like one-gluon exchange, instanton-induced, confinement etc. should
be included into the bare dibaryon propagator.
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Fig. 8. Diagrams representing the amplitude in Eq. (8). The first diagram corre-
sponds to s-channel dibaryon exchange, while the second diagram describes the u-
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displayed in Fig. 8. The first graph describes the (resonance-like) s-channel
exchange by the dibaryon whereas the second graph describes non-resonance
t- and u-channel exchanges by an exotic dibaryon (which corresponds to a
heavy NN -meson). This exotic contribution is omitted in Eq. (8) and will be
further neglected.
3.2 Dibaryon wavefunctions
We consider the dibaryon wavefunctions as a convolution of orbital and total
spin parts: Ψ(x1, x2) = Φ(x;P ) ⊗ S(X ;P ), where the orbital part Φ(x;P ) is
taken as a superposition of covariant harmonic oscillator (CHO) eigenfunc-
tions f(x;P ) (see below). Although there is presently no direct connection
between the CHO-formalism and QCD, its application appears quite success-
ful in describing the baryon spectra and the systematics of qq meson states
[49]; in addition, it leads to hadron form factors whose behavior agrees well
with experimental data. As for the microscopic basis of the CHO-functions
one should note, that these eigenfunctions are closely related to the solution
of the Dirac equation with a linear vector potential [50] which corresponds to
a string-like interaction (between two colored clusters). The total spin wave-
functions S(X ;P ) satisfy to the standard Klein–Gordon equation:(
∂2/∂X2µ +M
2
Ne
)
S(X ;P ) = 0, (12)
while the f(x;P ) is a tensor of rank Ne (Ne is the number of excitation quanta
of the string) in the space O(3, 1)Lorentz and satisfies to the equation:
M2(xµ, ∂/∂xµ)f(x;P ) = M2Nef(x;P ). (13)
with the mass operator squared is defined as
M2 ≡ d
(
1
2µ
∂2
∂x2µ
+ Uconf + Upert.QCD
)
, (14)
here d = 2(m1+m2), µ = m1m2/(m1+m2) and mi are kinematical masses of
3q(C) clusters on the ends of the string. Uconf is defined by the string potential
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energy and also by non-perturbative interactions of instanton type:
Uconf(x) = −(1/2)Kx2µ + C, (15)
while the perturbative term Upert.QCD (the effect of which can be reduced
mainly to some deviation of the respective Regge-trajectory from the straight
line) is omitted here. This leads to the following CHO eigenfunctions:
f0(x;P ) ≡ 〈x|G(P )〉 = β
π
exp
[
β
2
(
x2 − 2(Px)
2
P 2
)]
, (16)
fNe(x;P ) = 〈x|a†νNe . . . a†ν1 |G(P )〉, (17)
M2Ne = dC + (Ne + 1)Ω = M
2
0 +NeΩ, (18)
where a†ν = (βxν + ∂/∂xν)/(2β)
1/2 is the creation operator for oscillator
quanta, β−1 = (µK)−1/2 – squared oscillator radius and Ω = d(K/µ)1/2 is
the oscillator frequency. For the mass spectrum, we thus obtain a linear Regge
trajectory. The operators a†ν are defined in such a way that a physical state
satisfies the condition,
P νa†ν |phys〉 = 0, (19)
which rules out the appearance of an unphysical spectrum with respect to the
time variable [51].
For example, the function corresponding to a single-quantum excitation of the
oscillator can be represented in the form
fµ(x;P ) =
√
2β
(
xµ − (Px)Pµ
P 2
)
f0(x;P ). (20)
This function is normalized by the condition
Nµν ≡
∫
fµ(x;P )fν(x;P ) d
4x = −gµν + PµPν
P 2
. (21)
In the case of a two-quantum excitation, two excited states are possible,
fµν(x;P ) =
[
gµν − PµPν
P 2
+ 2β
(
xµ − (Px)Pµ
P 2
)(
xν − (Px)Pν
P 2
)]
f0(x;P ),
(22)
fµµ(x;P ) =
(
3 + 2βx2 − 2β (Px)
2
P 2
)
f0(x;P ),
which are normalized as follows:
Nµν,αβ ≡
∫
fµν(x;P )fαβ(x;P ) d
4x =(
gµα − PµPα
P 2
)(
gνβ − PνPβ
P 2
)
+
(
gµβ − PµPβ
P 2
)(
gνα − PνPα
P 2
)
. (23)
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Hereinafter, we shall restrict our consideration only to even-parity dibaryons,
including the states with zero and two quanta only. Moreover, in the current
work we shall consider only those partial waves whose coupling to N∆-channel
is absent or suppressed below 1 GeV in the lab. system (i.e. we shall limit
ourselves to consider in this paper 1S0,
3S1 −3 D1 and 3D2 partial channels
only). Then for corresponding dibaryon wavefunctions ΨJNeLS (x1, x2) (where J
and L are the total angular and orbital momenta of the dibaryon), one has:
for the 1S0-partial wave:
Ψ0000(x1, x2) = Φ(0s)(x)S(X), Ψ
02
00(x1, x2) = Φ(2s)(x)S(X), (24)
where Φ(0s)(x) = f0(x), Φ(2s)(x) = fµµ(x)/
√
6 and the normalization is chosen
for a single particle state in a unit volume;
for the 3S1-partial wave
4 :
Ψ1001,µ(x1, x2) = Φ(0s)(x)Sµ(X), Ψ
12
01,µ(x1, x2) = Φ(2s)(x)Sµ(X); (25)
for the 3D1-partial wave:
Ψ1221,µ(x1, x2) =
3√
2
Φ(2d),µν(x)S
ν(X), (26)
where Φ(2d),µν(x) = (fµν(x)−P1µνfαα(x)/3)/
√
15, and P1µν = gµν − PµPν/P 2;
and for the 3D2-partial wave:
Ψ2221,µ(x1, x2) =
√
5
P 2
Pτε
µβρτΦ(2d),αβ(x)S
α
ρ (X). (27)
Now we can expand the bare dibaryon Green functions into the string eigen-
states:
GS(x3, x4; x1, x2) = −i
∑
J,L,Ne
〈0|TX,X′ [ΨJNeLS (x3, x4)ΨJNeLS (x1, x2)]|0〉. (28)
3.3 Dressed dibaryon propagators
In this subsection we will show that, instead of a complicated integral Dyson
equation, we can get its matrix analog (with a very low matrix dimension) for
the projection of all propagators and polarization operators onto the above
CHO basis. Simple estimates give the energy value of the string excitation
quantum Ω ≈ 300 − 350 MeV so that it is sufficient to take into account
4 The tensor coupling of 3S1 and
3D1 partial waves will be considered below when
the dressing procedure will be described.
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only two quanta excitations of the dibaryon string when the incident energy
in NN -channel does not exceed 1 GeV (in lab. system).
3.3.1 1S0 partial channel
By restricting ourselves to zero and two-quanta excitations of the string, one
can write the bare partial propagator for the 1S0-channel in the form:
G(x′, x;P ) =
Φ(0s)(x
′)Φ(0s)(x)
P 2 −M20 + i0
+
Φ(2s)(x
′)Φ(2s)(x)
P 2 −M22 + i0
+ . . . (29)
Then, by substituting this bare propagator into the Dyson equation (10) one
can get the following representation for the dressed propagator:
G(x′, x;P ) = Φ(0s)(x′)Φ(0s)(x)G1(P 2) + Φ(0s)(x′)Φ(2s)(x)G2(P 2)+
+ Φ(2s)(x
′)Φ(0s)(x)G3(P 2) + Φ(2s)(x′)Φ(2s)(x)G4(P 2), (30)
where
G1(P 2) = P
2 −M22 − Π˜22
(P 2 −M20 − Π˜11)(P 2 −M22 − Π˜22)− Π˜212
, (31a)
G2(P 2) = G3(P 2) = Π˜12
(P 2 −M20 − Π˜11)(P 2 −M22 − Π˜22)− Π˜212
, (31b)
G4(P 2) = P
2 −M20 − Π˜11
(P 2 −M20 − Π˜11)(P 2 −M22 − Π˜22)− Π˜212
, (31c)
in which Π˜ij(P
2) are polarization operators projected onto the CHO basis:
Π˜11(P
2) =
∫
d4ξ d4ζΦ(0s)(ξ;P )Π(ξ, ζ ;P )Φ(0s)(ζ ;P ), (32a)
Π˜22(P
2) =
∫
d4ξ d4ζΦ(2s)(ξ;P )Π(ξ, ζ ;P )Φ(2s)(ζ ;P ), (32b)
Π˜12(P
2) =
∫
d4ξ d4ζΦ(0s)(ξ;P )Π(ξ, ζ ;P )Φ(2s)(ζ ;P ). (32c)
Then, in order to pursue the renormalization procedure, the dressed propaga-
tor G(x′, x;P ) must be diagonalized in the 0~Ω + 2~Ω space. To do this, one
can represent the propagator (30) in matrix form:
G(x′, x;P ) =
(
Φ(0s)(x
′) Φ(2s)(x
′)
)
OOT
G1 G2
G3 G4
OOT
Φ(0s)(x)
Φ(2s)(x)
 , (33)
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where we introduced the rotation matrix
O =
 cosχ sinχ
− sinχ cosχ
 , OOT = OTO = 1, detO = 1, (34)
which diagonalizes the matrix propagator. The mixing angle χ, which mixes
the different six-quark configurations |s6, L = 0〉 and |s4p2, L = 0〉, can be
found from the condition G˜0 0
0 G˜2
 = OT
G1 G2
G3 G4
O, (35)
Finally, we get for the χ(P ):
χ(P ) = 1
2
arctan
2Π˜12(P )
M22 −M20 + Π˜22(P )− Π˜11(P )
. (36)
After the diagonalization of G(x′, x;P ), the “diagonal” propagators take the
“canonical” form:
G˜0(2)(P ) = 1
P 2 −M20(2)(phys) − Π˜R0(2)(P 2)
, (37)
where Π˜R0(2) are renormalized matrix elements of polarization operator
Π˜R0(2)(P
2) = Π˜0(2)(P
2)− (P 2 −M20(2)(phys))
dRe Π˜0(2)(P
2)
dP 2
∣∣∣∣∣∣
P 2=M2
0(2)(phys)
, (38)
and
Π˜0(P ) = P
2 −M20(phys) − (P
2−M20−Π˜11)(P 2−M22−Π˜22)−Π˜212
P 2−(M22+Π˜22) cos2 χ−(M20+Π˜11) sin2 χ−Π˜12 sin 2χ
,
(39a)
Π˜2(P ) = P
2 −M22(phys) − (P
2−M20−Π˜11)(P 2−M22−Π˜22)−Π˜212
P 2−(M22+Π˜22) sin2 χ−(M20+Π˜11) cos2 χ+Π˜12 sin 2χ
.
(39b)
The physical dibaryon masses are found from the transcendental equations:
Re Π˜0(P
2 = M20(phys)) = Re Π˜2(P
2 =M22(phys)) = 0. (40)
We omit here rather lengthy expressions for projected polarization operators
and eventual formulas for the dressed propagators. It is useful, however, to
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Fig. 9. Several of the possible loops taken into account in calculation of polarization
operator of dibaryon. They correspond to the dressed bag state.
illustrate here the calculations of polarization operators in different channels
by some basic graphs (see Fig. 9). These graphs include both π- and σ-meson
dressing of the intermediate dibaryon.
3.3.2 3S1 − 3D1 mixed channel
In this case, three six-quark configurations, viz. |s6, L = 0〉, |s4p2, L = 0〉
and |s4p2, L = 2〉 can mix with each other. While the mixing between the
first and the second configurations is the same as for the previous case of 1S0
partial wave, their mixing with the latter 6q-configuration is due to the tensor
force. Because our focus here is to describe the tensor mixing of 3S1 and
3D1
channels, induced by the intermediate dibaryon, we neglect now the mixing
between the states with different string excitation energy, which is assumed to
be small due to the quite large energy gap (2~Ω ∼ 600 − 700 MeV) between
them.
Thus, the dressed dibaryon propagator can be represented as a sum of two
terms:
Gµν(x′, x;P ) = G(0~Ω)µν (x′, x;P ) + G(2~Ω)µν (x′, x;P ), (41)
where the first and the second terms correspond to |s6〉 and |s4p2〉 dibaryons
respectively. Owing to a possible mixing of |s4p2, L = 0〉 and |s4p2, L = 2〉
configurations, the propagator can be represented by a 2 × 2 matrix. Since
we neglect here the mixing between |s6〉 and |s4p2〉 configurations, for the first
term in Eq. (41) we have:
G(0~Ω)µν (x′, x;P ) =
G(Ne=0)µν 0
0 0
 . (42)
Taking into account the expression for the bare dibaryon propagator of |s6〉-
bag
G(0~Ω)µν (x
′, x;P ) =
(
−gµν + PµPν
M20
)
Φ(0s)(x
′;P )Φ(0s)(x;P )
P 2 −M20 + i0
, (43)
one can write the exact propagator, namely the G(Ne=0)µν matrix element, in the
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form:
G(Ne=0)µν (x′, x;P ) ≡ Φ(0s)(x′;P )Φ(0s)(x;P )G˜(Ne=0)µν (P ). (44)
Making further a decomposition G˜(Ne=0)µν (P ) into two independent tensors of
rank 2: P0µν = PµPν/P 2 and P1µν = gµν − PµPν/P 2 that are projectors on the
states with spin 0 and 1, and solving the respective matrix Dyson equation,
one gets eventually:
G˜(Ne=0)µν (x′, x;P ) = −
Φ(0s)(x
′;P )Φ(0s)(x;P )
P 2 −M20(phys) − Π˜R(P 2)
P1µν+
Φ(0s)(x
′;P )Φ(0s)(x;P )
M20 − Π˜0(P 2)
P0µν ,
(45)
where in analogy with the 1S0-channel, the renormalized polarization operator
is
Π˜R(P 2) = M20 −M20(phys) + Π˜1(P 2)− (P 2 −M20(phys))
dRe Π˜1(P
2)
dP 2
∣∣∣∣∣∣
P 2=M2
0(phys)
,
(46)
and the physical mass of the dibaryon can be found from the condition
Re Π˜1(P
2 =M20(phys)) = M
2
0(phys) −M20 . (47)
The expressions for polarization operators projected on CHO basis and spin
state are defined in Eqs. (45) and (46) as follows:
Π˜1(P
2) = −1
3
∫
d4ξ d4ζΦ(0s)(ξ;P )Π
µν(ξ, ζ ;P )Φ(0s)(ζ ;P )P1µν, (48a)
Π˜0(P
2) =
∫
d4ξ d4ζΦ(0s)(ξ;P )Π
µν(ξ, ζ ;P )Φ(0s)(ζ ;P )P0µν. (48b)
Since the functions Π˜0(1)(P
2) are analytic, the pole singularity can appear only
in that part of the dibaryon propagator which correspond to spin 1 propagation
(that is, the first term in Eq. (45)). Because of the dressing of the dibaryon
with a meson cloud, the pole position appears to be shifted from the real
axis into the complex P 2 plane and it corresponds to a resonance state of the
dressed six-quark bag. The contribution to the nucleon-nucleon potential from
”unphysical” states of spin zero, which are developed for an off-shell vector
particle and which are inherent in a field-theoretical description of particles
having higher spins, vanishes in the amplitude (8) due to nucleon current
conservation. In any case, it is of order 1/M2Ne and therefore is very small.
One can write the propagator of the |s4p2〉-bag state in the following matrix
22
form:
G(2~Ω)µν (x′, x;P ) =
 Φ(2s)(x′)Φ(2s)(x)G(00)µν (P ) 3√2Φ(2s)(x′)Φ(2d)βν(x)G(02)µβ (P )
3√
2
Φ(2d)µα(x
′)Φ(2s)(x)G(20)αν (P ) 92Φ(2d)µα(x′)Φ(2d)βν(x)G
(22)
αβ (P )
 .
(49)
Then again, by decomposing the functions
G(ij)µν (P ) = −G(ij)1 (P 2)P1µν + G(ij)0 (P 2)P0µν (i, j = 0, 2), (50)
and using condition (19), we arrive at the following form for the propagator,
which has to be diagonalized:
G(2~Ω)µν (x′, x;P ) =
 Φ(2s)(x′)Φ(2s)(x)G(00)0 (P 2)P0µν 0
0 0
−
 Φ(2s)(x′)P1µα 0
0 3√
2
Φ(2d)µα(x
′)
×
OO︸︷︷︸
1
T
 G(00)1 (P 2) G(02)1 (P 2)
G
(20)
1 (P
2) G
(22)
1 (P
2)
OO︸︷︷︸
1
T
 Φ(2s)(x)P1αν 0
0 3√
2
Φ(2d)αν(x)
 , (51)
and  G˜0 0
0 G˜2
 = OT
G(00)1 G(02)1
G(20)1 G(22)1
O. (52)
The first term in Eq. (51), corresponding to off-shell spin-zero propagation,
vanishes exactly after substituting this expression into the amplitude (8). By
solving the respective matrix Dyson equation with the bare propagators
G(2s)µν (x
′, x;P ) = −
(
gµν − PµPν
M22
)
Φ(2s)(x
′)Φ(2s)(x)
P 2 −M22 + i0
, (53)
G(2d)µν (x
′, x;P ) = −9
2
Φ(2d)µα(x
′)Φ(2d)αν(x)
P 2 −M22 + i0
, (54)
we eventually arrive at the following expressions for the functions G˜0(2)(P 2):
G˜0(P 2) = (P 2 −M2(2s) − Π˜R0 (P 2))−1, (55a)
G˜2(P 2) = (P 2 −M2(2d) − Π˜R2 (P 2))−1, (55b)
where, as well as just above, after renormalization one has:
Π˜R0 (P
2) = Π˜0(P
2)− (P 2 −M2(2s))
dRe Π˜0(P
2)
dP 2
∣∣∣∣∣∣
P 2=M2
(2s)
, (56)
( The same equation is valid for Π˜R2 (P
2) with a replacement M2(2s) →M2(2d) ).
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Here the diagonalized projected polarization operators are
Π˜0(P ) = P
2 −M2(2s) −
(P 2 −M22 − Π˜11)(P 2 −M22 − Π˜22)− Π˜212
(P 2 −M22 )− (Π˜11 sin2 χ+ Π˜22 cos2 χ)− Π˜12 sin 2χ
,
(57a)
Π˜2(P ) = P
2 −M2(2d) −
(P 2 −M20 − Π˜11)(P 2 −M22 − Π˜22)− Π˜212
(P 2 −M22 )− (Π˜11 cos2 χ+ Π˜22 sin2 χ) + Π˜12 sin 2χ
.
(57b)
The mixing angle χ is defined by the same expression as in the case of the
1S0-channel (36), where we should make a replacement M0 → M2, but with
the different CHO-projected polarization operators:
Π˜11(P
2) = −1
3
∫
d4ξ d4ζΦ(2s)(ξ;P )Π
µν(ξ, ζ ;P )Φ(2s)(ζ ;P )P1µν, (58a)
Π˜12(P
2) = − 1√
2
∫
d4ξ d4ζΦ(2s)(ξ;P )Π
µν(ξ, ζ ;P )Φ(2d)µν(ζ ;P ), (58b)
Π˜22(P
2) = −3
2
∫
d4ξ d4ζΦ(2d)µα(ξ;P )Π
αβ(ξ, ζ ;P )Φ(2d)βµ(ζ ;P ). (58c)
The physical masses of dibaryons in the oscillator states (2s) and (2d) can be
found as usually through the equality
Re Π˜0(P
2 = M2(2s)) = Re Π˜2(P
2 = M2(2d)) = 0. (59)
3.3.3 3D2 partial channel
Now, we shall briefly outline the final formulas for the dressed dibaryon prop-
agator in 3D2 partial channel, as the mostly all steps of the derivation are the
same as for the previous cases.
After substituting the bare J = 2 dibaryon propagator into the matrix Dyson
equation, its solution can be found in the following form:
Gµν(x′, x;P ) = 5ǫµβρτ ǫνβ1ρ1τ1P2ρα,ρ1α1
PτPτ1
P 2
Φ(2d)αβ(x
′)Φ(2d)α1β1(x)
P 2 −M22(phys) − Π˜R(P 2)
. (60)
Here
P2ρα,ρ1α1 ≡ 12P1ρρ1P1αα1 + 12P1ρα1P1αρ1 −
1
3
P1ραP1ρ1α1 , (61)
is a projection operator onto the momentum J = 2 state. We omit in Eq. (60)
the terms corresponding to off-shell lower spin propagation of the dibaryon,
since they vanish completely in the amplitude Mfi due to nucleon current
conservation and condition (19) as well. We would like to note here, that this
is a general result, independent of the value of total angular momentum J .
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So, our amplitude is free from the ”unphysical” lower spin state contributions
inherent in field-theoretical formulations for higher (J ≥ 1) spin particles.
For the renormalized projected polarization operator, we have
Π˜R(P 2) = M22−M22(phys)+Π˜(P 2)−(P 2−M22(phys))
dRe Π˜(P 2)
dP 2
∣∣∣∣∣∣
P 2=M2
2(phys)
, (62)
where
Π˜(P 2) = ǫµβρτ ǫνβ1ρ1τ1P2ρα,ρ1α1
PτPτ1
P 2
×∫ ∫
d4ξ d4ζΦ(2d)αβ(ξ;P )Π
µν(ξ, ζ ;P )Φ(2d)α1β1(ζ ;P ), (63)
and the physical 3D2-dibaryon mass is extracted from the condition:
Re Π˜(P 2 =M22(phys)) = M
2
2(phys) −M22 . (64)
3.3.4 Some remarks on polarization operators
In principle, the dibaryon polarization operator Π(ξ, ζ ;P ) (or Πµν(ξ, ζ ;P )) is
determined in even partial waves mainly by the Dσ and Dπ loops, while its
imaginary part is largely determined by the NN loops and these loops are
responsible for dibaryon decay back to two real nucleons. Hence, in our case,
if we want to construct the NN -potential, we must exclude coupling to an
intermediate nucleon-nucleon state. This is because of the fact that in the
scattering equation (e.g. Bethe–Salpeter or any quasipotential equation), such
channels are automatically taken into account by virtue of the requirement
that the scattering amplitude satisfies two-particle unitarity. Therefore, the
main contribution to the polarization operator comes from the dressing of the
dibaryon with its meson cloud. This interaction induces a transition of the
dibaryon (featuring Ne ≥ 2 string-excitation quanta) to the ground state |s6〉
at low energies. At the same time, the interaction with ρ, ω and the other
mesons adds a much smaller contribution because of their rather large mass
and due to the fact that these mesons can propagate only in odd partial waves
with respect to the dibaryon |s6〉 or in even partial waves with respect to the
1~Ω-excited configuration |s5p〉, which has one excitation quantum Ω.
Demanding the parity and total-isospin conservation, one can write the tran-
sitions between different (S, I)P states that are to be accounted for in polar-
25
ization operators under consideration:
(0, 1)+ −→ (0, 1)+|s6〉+ σ(L = even),
(0, 1)+ −→ (1, 0)+|s6〉+ π(L = odd),
(1, 0)+ −→ (1, 0)+|s6〉+ σ(L = even), (65)
(1, 0)+ −→ (0, 1)+|s6〉+ π(L = odd),
(1, 0)+ −→ (2, 1)+|s6〉+ π(L = odd).
Here, we emphasize an important fact that follows directly from the above
quantum numbers for the allowed transitions: the s-channel transitions form-
ing the intermediate states of the dressed dibaryon are in a full correspon-
dence with ordinary t-channel transitions. It is precisely for this reason that
the s-channel mechanisms considered here make those contributions to var-
ious high-momentum-transfer processes that were missing in the traditional
OBE-models.
We would also like to indicate that, as it is evident from (65), a (2, 1)+ dibaryon
state may be a result of the dressing of the bare dibaryon (1, 0)+ with a pion
cloud where the pion is in P - (or other odd) partial wave in respect to the
six-quark core. Since the color-dependent interaction between quarks (that
produces a hidden CC state) of tensor type is rather weak, the decay of this
state directly to the nucleon-nucleon channel should be strongly suppressed,
but on the other side, the (2, 1)+ state has quite a large coupling to the N∆-
channel. It is well known that just the behavior of the 1D2 phase shift in
NN scattering (which corresponds to the (2, 1)+ dibaryon state) is indicative
of the presence of a strong N∆ correlation, which is sizable even at energies
of about 400 MeV in the laboratory frame. In contrast to the conventional
meson-exchange models, where the formation of this state in the N∆ channel
is due to t-channel pion exchange and requires hard pion form factors, our
model proposes a totally new mechanism that is responsible for the formation
of a N∆ state at short and intermediate distances and which is caused by the
dressing of the dibaryon with the pion field; that is,
(0, 1)+ −→ (1, 0)+|s6〉+ pi(L = odd) −→ (2, 1)+ −→ N∆(LN∆ = 0, S = 2, I = 1).
(66)
Thus, the assumption of an intermediate dressed dibaryon gives a very natural
explanation for strong coupling between NN and N∆ channels in some partial
waves.
We also note that, in the present model, the polarization operators (and conse-
quently the NN -potential as well) are complex-valued functions. Their imag-
inary parts are related to open inelastic channels and are determined by the
discontinuities of these quantities at the unitary cut in the complex energy
plane. In the example considered here, we have two inelastic channels corre-
sponding to real intermediate states, NNπ and NNππ, where the latter is
associated with the mechanism of σ-meson decay to two real pions.
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4 Derivation of relativistic NN potential
Finally we illustrate here how to derive the relativistic NN potential from the
formalism developed. As an example, we consider here the potentials in the
lowest partial waves, namely the isotriplet 1S0 and isosinglet
3S1-
3D1 channels.
To this aim we use, in the amplitude Mfi (8), the relative 4-momenta of
nucleons q = (p1 − p2)/2 and q′ = (p3 − p4)/2, and employ of the relation
between bispinors with positive and negative energies
v(q) = CuT (q), v(q) = −uT (q)C−1. (67)
Moreover, the transition amplitude taken in the form (8) is more appropriate
for the reaction N+N in the crossed channel. Thus to pass to the NN channel
one should employ the Fierz transformation:
[ψΓiφ][φΓjψ] =
1
16
16∑
k,l=1
Tr(ΓiΓkΓjΓl)[ψΓ
kψ][φΓlφ], (68)
where ψ and φ denotes the Dirac bispinors and Γi corresponds to one of the
16 Dirac matrices {I, γ5, γµ, γ5γµ, γµγν} forming a basis in the space of 4 × 4
matrices.
4.1 NN potential in the 1S0 partial wave
The NN potential in this channel can now be written in the following form
(separating out the δ-function factor, arising from the integration in Eq. (8)
on the coordinate of the dibaryon center of mass):
V (
1S0)(q′, q;P ) = −2[u(−q′)γ5v(q′)][v(q)γ5u(−q)]F (00)(q′, q;P ), (69)
where the factor 2 in the potential arises due to antisymmetrization over nu-
cleon variables 5 . F (00) plays the role of the invariant amplitude. We omit here
rather lengthy expression for the F (00) in the case of mixing 0~Ω+2~Ω states,
which is straightforward to write down employing the results of preceding Sec-
tion for the dibaryon propagator. For brevity, we present here the simplified
5 We omitted here the isospin factor that is equal 1 for pn scattering and 2 for pp
scattering, since in contrast to the t-channel interaction, where antisymmetrization
occurs at the level of Feynman diagrams, it is achieved here even at the level of
vertices, with the result that the amplitude Mfi appears to be automatically anti-
symmetrized. In calculating the pp phase shifts, it must therefore be divided by a
factor of 2 (whereupon we obtain isotopic invariance) with the net result being the
same as for the pn potential.
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formula for the case of the vanishing mixing, i.e. we put here χ = 0:
F (00)(q′, q;P ) = G˜1(P 2)Φ˜(0s)(q′, P )Φ˜(0s)(q, P ) + G˜2(P 2)Φ˜(2s)(q′, P )Φ˜(2s)(q, P ),
(70)
where
Φ˜(i)(q, P ) =
∫
d4x exp (iqx)V (x)Φ(i)(x;P ). (71)
Substituting further the expressions for NN → D transition potential (7) and
dibaryon wave function into the formula for the dibaryon formfactor Φ˜(i) one
gets:
Φ˜(0s)(q, P ) = g
4πβ
(β + α/2)2
exp
(
q2 − 2(qP )2/P 2
2β + α
)
, (72)
Φ˜(2s)(q, P ) =
1√
6
[
3− 6β
β + α/2
− 2β
(β + α/2)2
(q2 − (qP )
2
P 2
)
]
Φ˜(0s)(q, P ). (73)
Then, using some properties of the Dirac matrices after the Fierz transforma-
tion one can write:
[u(−q′)γ5v(q′)][v(q)γ5u(−q)] =
= −(1 − ~σ1~σ2)
2
W
(
1 +
q′2
(Eq′ +mN )2
)(
1 +
q2
(Eq +mN)2
)
, (74)
where the factor is W = (Eq′ +mN )(Eq+mN )/4m
2
N , Eq = (q
2+m2N )
(1/2) and
the spin operator ~S = (~σ1 + ~σ2)/2 corresponds to the total spin of the NN
system.
Further, if one employs the partial-wave expansion of the NN -potential:
V (q′,q;P ) =
∑
JSI
LL′
V JSILL′ (q
′,q;P ), (75)
with
V JSILL′ (q
′,q;P ) = (4π)2iL−L
′ ∑
M
YJML′S (nq′)V JSILL′ (|q′|, |q|;P )YJM†LS (nq), (76)
where
YJML′S (nq) =
∑
MLMS
CJMLMLSMSYLML(nq)|SMS〉 (77)
represents a standard spin-angular part, one finally gets in the channel J =
L = S = 0, I = 1 the potential in the form:
V 00100 (|q′|, |q|;P ) =
W
pi
(
1 +
q′2
(Eq′ +mN )2
)(
1 +
q2
(Eq +mN )2
)
F (00)(|q′|, |q|;P ).
(78)
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4.2 The case of the 3S1-
3D1 mixed channel
According to the results for the dibaryon propagator in the mixed channel,
the NN potential should be a 2× 2 matrix:
V (
3SD1)(q′, q;P ) = −2[u(−q′)γµv(q′)][v(q)γνu(−q)]Fµν(q′, q;P ), (79)
where the elements of the matrix tensor Fµν(q
′, q;P ) are
F (00)µν =
[
G˜(P 2)Φ˜(0s)(q′, P )Φ˜(0s)(q, P )+(
G˜0(P 2) cos2 χ+ G˜2(P 2) sin2 χ
)
Φ˜(2s)(q
′, P )Φ˜(2s)(q, P )
]
P1µν ,
(80a)
F (02)µν =
3√
2
Φ˜(2s)(q
′, P )Φ˜(2d)µν(q, P )
[
G˜2(P 2)− G˜0(P 2)
]
sinχ cosχ, (80b)
F (20)µν =
3√
2
Φ˜(2d)µν(q
′, P )Φ˜(2s)(q, P )
[
G˜2(P 2)− G˜0(P 2)
]
sinχ cosχ, (80c)
F (22)µν =
9
2
Φ˜(2d)µα(q
′, P )Φ˜(2d)αν(q, P )
(
G˜0(P 2) sin2 χ+ G˜2(P 2) cos2 χ
)
, (80d)
where formfactor Φ˜(2d)µν(q, P ) is defined by Eq. (71) and one has in explicit
form:
Φ˜(2d)µν(q, P ) =
2β√
15(β + α/2)2
qαqτ
(
1
3
P1µνP1ατ − P1µαP1τν
)
Φ˜(0s)(q, P ). (81)
After making the respective Fierz transformations, one arrives eventually at
the following expressions for the matrix elements V (ij):
V (00)(q′, q, P ) = (3 + ~σ1~σ2)W
(
1 + q
′2+S12(q′)
3(Eq′+mN )2
)(
1 + q
2+S12(q)
3(Eq+mN )2
)
F (00)(q′, q;P ),
(82a)
V (02)(q′, q, P ) = (3 + ~σ1~σ2)W
(
1 +
q′2 + S12(q
′)
3(Eq′ +mN )2
)
×(
1 +
q2 + S12(q)
3(Eq +mN)2
)
S12(q)
6q2
F (02)(q′, q;P ),
(82b)
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V (20)(q′, q, P ) = (3 + ~σ1~σ2)W
S12(q
′)
6q′2
(
1 +
q′2 + S12(q
′)
3(Eq′ +mN)2
)
×(
1 +
q2 + S12(q)
3(Eq +mN )2
)
F (20)(q′, q;P ),
(82c)
V (22)(q′, q, P ) = (3 + ~σ1~σ2)W
S12(q
′)
6q′2
(
1 +
q′2 + S12(q
′)
3(Eq′ +mN)2
)
×(
1 +
q2 + S12(q)
3(Eq +mN )2
)
S12(q)
6q2
F (22)(q′, q;P ),
(82d)
where
S12(q) = 3(~σ1q)(~σ2q)− q2(~σ1~σ2) (83)
stands for the tensor operator and functions F (ij)(q′, q;P ) are defined as follows
F (00)(q′, q;P ) =
1
3
F (00)µν (q
′, q;P )P1µν , (84a)
F (02) =
3√
2
Φ˜(2s)(q
′, P )Φ˜(2d)(q, P )
[
G˜0(P 2)− G˜2(P 2)
]
sinχ cosχ, (84b)
F (20) =
3√
2
Φ˜(2d)(q
′, P )Φ˜(2s)(q, P )
[
G˜0(P 2)− G˜2(P 2)
]
sinχ cosχ, (84c)
F (22) =
9
2
Φ˜(2d)(q
′, P )Φ˜(2d)(q, P )
(
G˜0(P 2) sin2 χ+ G˜2(P 2) cos2 χ
)
, (84d)
and
Φ˜(2d)(q, P ) =
2β√
15(β + α/2)2
q2Φ˜(0s)(q, P ). (85)
It should be noted here that superscripts in the potentials V (i,j) refer to the
dibaryonic channels, i.e. they denote the angular quantum numbers of in-
termediate dibaryon. However, as is clear from Eqs. (82a)–(82d), due to the
relativistic tensor mixing, the angular momentum of the two-nucleon system
is not conserved. This means that the initial (or final) two-nucleon angular
momentum (which is marked in the phase shift) may not coincide with the
angular momentum of the dibaryon. Therefore partial nucleon-nucleon po-
tential should be a sum of partial potentials corresponding to four different
dibaryonic channels (82a)–(82d):
V 110L′L = V
(00)
L′L + V
(02)
L′L + V
(20)
L′L + V
(22)
L′L .
Similar, albeit quite lengthy purely algebraic formulas have been derived for
relativistic NN -potentials in all other channels. It has been shown [39] that
when doing the nonrelativistic reduction of the above relativistic potentials
we get the formulas very similar to those obtained in our previous fully mi-
croscopic semi-relativistic approach [29,30].
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After the complete derivation of the covariant NN -potential in various par-
tial waves we should add this short-range interaction to the peripheral one-
pion and two-pion exchange potentials derived previously in ChPT (but with
the short-range contact terms being parameterized in a purely phenomeno-
logical manner) or alternatively, we should replace the contact terms in the
ChPT-approach with the covariant short-range potential derived in our field-
theoretical approach. The resulting full NN -potential can be fitted first in
the low-energy region, Elab ≤ 300 MeV and by this way the main input pa-
rameters of the short-range part of interaction (e.g. the coupling constants of
the meson fields with the string) can be established. This procedure is simi-
lar in some degree to fitting the parameters of contact terms in higher-order
ChPT. Thus, by combining the low-energy and high-energy effective field the-
ories one can reach a very consistent and fully dynamical description of elastic
and inelastic NN -interaction from zero energy up to the GeV region. This
way is quite analogous to the treatment of nucleon(or any other projectile)-
nucleus scattering: at low energies and in lowest partial waves the s-channel
(or compound-state) scattering is dominating while at higher partial waves
the t-channel mechanisms should be prevailing. So, for a complete description
of this interaction we should combine somehow these two aspects.
4.3 Illustrative model for NN scattering in low partial waves
We can now illustrate the applicability of the above EFT-approach by treating
the lowest partial NN phase shifts with a simplified model derived from the
general formulas (78)-(85) after the nonrelativistic reduction. For this purpose
we will consider the description for the 1S0 and
3S1-
3D1 partial channels in
the energy range from zero up to 1 GeV. The total potential takes the form:
V totalNN = VOPE + VTPE + VNqN , (86)
where VOPE and VTPE are the t-channel one- and two-pion exchange potentials
which are responsible for the peripheral part of NN -interaction. The OPE-
potential is taken here with soft cutoff constant ΛpiNN = 700 MeV [29,30]
which is dictated by all dynamical models of πN -interaction. The VTPE is ap-
proximated here, for the sake of simplicity, by a simple local gaussian function
VTPE(r) = V
(0)
TPE(αr
2)2 exp(−αr2).
The term VNqN in Eq.(86) describes the intermediate- and short-range interac-
tion (rNN ≤ 1.2 fm) induced by the dressed dibaryon formation in intermediate
state.
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4.3.1 Description for 1S0-channel
After the nonrelativistic reduction of the general expression (78), the VNqN
part of interaction in the uncoupled 1S0 channel can be rewritten in the form:
VNqN(q,q
′) = λ(0)f00(q)f00(q
′) + λ
(2)
00 (E)f20(q)f20(q
′), (87)
where f00(q) ≡ 〈q|0s〉, f20(q) ≡ 〈q|2s〉 are nonrelativistic h.o. functions of
0s and 2s form, λ(0) is an arbitrary, but a large positive constant (∼ 105 −
106 MeV) 6 . The energy-dependent strength parameter λ
(2)
00 (E) is calculated
straightforwardly from the σ-meson loop shown in Fig. 5. It was shown earlier,
the above loop integral can be well approximated in the energy range 0–1 GeV
by a simple Pade-approximant:
λ
(2)
00 (E) = λ
(2)
00 (0)
E0 + aE
E0 −E , (88)
with parameter values, E0 and a, presented in Refs. [30,36], while the strength
constant, λ
(2)
00 (0), is proportional to the σDD coupling constant which deter-
mines the coupling of the σ-field and six-quark core. This constant is taken
in this illustrative model as a free parameter. So we have in the model only
four free parameters, two of which, V
(0)
TPE and α, are related to the two-pion
exchange potential in the peripheral region, and the other two, λ
(2)
00 (0) and
r0 are related to the dressed dibaryon properties. Two parameters of VTPE
are fixed easily by fitting two effective range parameters which describe the
1S0 phase shifts until 15 MeV. So, we are left with only two basic parameters
related to the properties of the 6q-bag to describe the 1S0 phase shifts in a
very large energy range 15–1000 MeV. By varying these two parameters we
arrive at the high quality fit displayed in the Fig. 10 (upper left panel).
4.3.2 Description of 3S1-
3D1 coupled channels
For the 3S1-
3D1 coupled channels we can derive the model from the general
formulas by a manner similar to the uncoupled 1S0 case. Now, the dibaryon
part of interaction, VNqN , can be presented in the matrix form:
VNqN (q,q
′) = λ(0)f00(q)f00(q
′) + V̂
(2s)
NqN(q,q
′, E), (89)
6 The first separable term in Eq. (87), according to our general approach, serves to
represent the strong NN repulsion when the intermediate six-quark bag has |s6[6]x〉
structure [12,47].
32
0 200 400 600 800 1000
-60
-40
-20
0
20
40
60
P
h
as
e 
S
h
if
t 
(d
eg
)
1
S0
0 200 400 600 800 1000
 -50
0
50
100
150
200
P
h
as
e 
S
h
if
t 
(d
eg
)
3
S1
0 200 400 600 800 1000
 -30
 -20
 -10
0
P
h
as
e 
S
h
if
t 
(d
eg
)
3
D
1
0 200 400 600 800 1000
0
2
4
6
8
M
ix
in
g
 P
ar
am
et
er
 (
d
eg
) ε
1
Lab. Energy (MeV) Lab. Energy (MeV)
Lab. Energy (MeV)Lab. Energy (MeV)
Fig. 10. The comparison between the theoretical fits (with the NN potential model
similar to that given in eq. (78)) for some lower NN phase shifts and respective
phase shift analysis (taken from SAID).
where the matrix operator V̂
(2s)
NqN takes the form:
V̂
(2s)
NqN =
λ(2)(00)(E)f0(q)f0(q′) λ(2)(02)(E)f0(q)f2(q′)
λ
(2)
(20)(E)f2(q)f0(q
′) λ
(2)
(22)(E)f2(q)f2(q
′)
 . (90)
One can attain a quite good description of the triplet phase shift in the whole
energy range 0–1 GeV even when choosing the one common value of the os-
cillator radius for the s-wave, f0(q), and d-wave, f2(q), potential form factors
in Eq. (90). The parameter a, that determines the energy variation of all the
strength parameters λ
(2)
(ij) is kept the same as in
1S0-channel. So that in the
3S1-
3D1 coupled channel case, one has (except of two parameters in VTPE) only
three adjustable strength parameters, viz. λ
(2)
(00), λ
(2)
(02) = λ
(2)
(20) and λ
(2)
(22) which
make it possible to fit with a good quality the phase shifts together with the
respective tensor mixing parameter in a very large energy range 15–1000 MeV
(see Fig. 10, upper right and two lower panels) 7 .
7 If, in addition to these three strength parameters, the d-wave oscillator parameter
can be allowed to vary, the quality of the fit may become almost perfect.
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Thus, the illustrative model derived from EFT-approach developed in the
work makes it possible, using physically transparent interaction model with a
minimal number of free parameters, to fit very reasonably the phase shifts in
1S0 and
3S1-
3D1 channels in the large energy range and the deuteron struc-
ture as well. This description can be compared to the fit quality for the phase
shifts given by a purely phenomenological separable interaction (of conven-
tional type) of Graz group [52]. The latter model includes more than twenty
five free parameters to fit the phase shifts in the same channels until 500
MeV only. Thus the description of the elastic NN scattering given by the
present illustrative model derived from EFT-formalism looks highly superior
the description attained with the phenomenological separable models.
It is worth to emphasize here that, at the value of the string excitation quan-
tum Ω ≈ 300−350 MeV, taking up to two-quanta excitations of the string will
be sufficient for description of NN -interaction from zero energy until 1 GeV or
even higher, while account of four-quanta excitations is sufficient for descrip-
tion of interaction in NN -channel or the NN meson-production processes up
to energies of Elab ≈ 3 GeV.
5 Applications to other hadronic processes
5.1 Description of inelastic processes with the effective field theory approach
Having developed the field-theoretical formalism for the description of the NN
elastic scattering in the GeV region one can apply this also to describe inelastic
processes within the same framework, i.e. with the same input constants etc.
And this possibility is one of main advantage of this unified approach. For the
sake of brevity we will omit many details here and illustrate the description
of inelastic processes by some graphs only.
In the above field-theoretical formalism the inelastic processes are tightly in-
terrelated to the elastic ones above the respective thresholds through the uni-
tarity relation:
T − T † = 2i ImTT †, (91)
which corresponds in our language to the respective cuts of the diagrams across
the meson loops.
So, the respective meson production amplitudes can be illustrated by the
graphs shown in Fig. 11. The left graph relates to 2π-production in pp-collisions
through the intermediate σ-meson in the dressed bag, while the graph on the
right relates to the near-threshold ω-meson production to the intermediate N∗-
isobar generation. It should be stressed here that the NN “distorted waves”
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Fig. 11. Example of diagrams describing a new possible mechanisms of meson pro-
duction. Left diagram corresponds to double pion production in the scalar-isoscalar
channel, whereas the right one describes an enhancement of the probability for the
formation of nucleon excited states and, in particular, of the mechanism of ω-meson
emission in a nucleon-nucleon collision.
in such meson production amplitudes are generated from the same diagrams
(with the same parameter values) as these meson productions. So the approach
can be made quite consistent and universal both for elastic and inelastic pro-
cesses.
Another very important issue which can be answered on the basis of the de-
veloped approach is multi-meson production and generation of the so called
cumulative pions in high-energy pp collisions. According to the relativistic pic-
ture presented here, the multi-meson production should correspond to N~Ω
excitation of the intermediate string (N >> 1) with its subsequent deexcita-
tion by multi-meson emission or by hadronic jets.
By a similar mechanism one can get the emission of cumulative pions (i.e.
forbidden in a single-nucleon emission), e.g. in the process d + A → π + . . .,
where the energy of outgoing pion is larger then half energy of the incident
deuterons.
5.2 Treatment of electromagnetic processes at high momentum transfer and
new electromagnetic exchange currents
The appearance of the dibaryon component in a nucleus can modify noticeably
the nucleon momentum distribution probed at large momentum transfer. E.g.
one gets some new contributions to electromagnetically induced two-nucleon
knock-out processes in which the emerging two nucleons (from the excited
dibaryon decay) escape from the dibaryon state in “back-to-back” kinematics.
In fact, just this kinematics was observed for the two-nucleon ejection in many
experiments of this type. It is evident that such contributions for the A(e, e′pp)
and A(γ, pp) processes at high (virtual) momenta or energies of γ-quantum
must contribute to the reaction cross sections. In such two-nucleon processes,
when treated within our approach, the virtual high-energy (or momentum)
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Fig. 12. The graphs illustrating the new 3N scalar force induced by σ-exchange
between the dressed bag and third nucleon.
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Fig. 13. Examples of diagrams involving new meson-exchange electromagnetic cur-
rents that arise in the present model.
can be absorbed by the string (i.e. by the dibaryon as a whole) resulting in
its excitation followed by either meson emission or break up of the excited
dibaryon into the two high-energy nucleons (see e.g. the Fig. 12). Also, the in-
verse process of bremsstrahlung in pp-scattering: pp→ ppγ should be analysed
with the same new currents.
Another good test of the force model developed here will be in prediction of the
main characteristic features of e.-m. processes like 12C(~γ, pN), 3He(e, e′pN),
or 3He(~γ, pn) with linearly or circularly polarized γ-quanta which are planned
to be measured in Mainz [53]. For calculations of such processes our very
accurate 3He wavefunctions [36,37] found with the above force model can be
employed jointly with new e.-m. currents tightly interrelated to the dressed
dibaryon degree of freedom. Some diagrams for these new s-channel currents
in two-nucleon systems are displayed in Fig. 13.
The s-channel meson-exchange currents for (γ, pp) or (e, e′pp) processes should
be confronted with the traditional t-channel currents for (pn)-subsystem (see
the Fig. 14) and we can conclude from this comparison that both types of
currents, i.e. t- and s-channel ones can be considered as a complementary to
each other. In other words, those t-channel currents which disappear in the
pp-system (i.e. pion-in-flight etc.) will appear in form of s-channel currents.
The same occurs also for pn-system.
Thus the processes like 3He(e, e′pp) or 3He(e, e′pn) or 3He(γ, pp) should be
a very good test for the new electromagnetic currents. Hence, the dressed
dibaryon component and new currents associated with it should modify the
results of the theoretical interpretations of many dedicated experiments done
at moderate to high momentum and energy transfers, especially those which
36
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Fig. 14. Example of diagrams for pn bremsstrahlung within traditional OBE-models
of the nucleon-nucleon interaction.
are now going on or are planned at Mainz and Bonn.
5.3 Description of short-range 2N and 3N correlations in nuclei
The first attempts to apply the DBS-model for description of properties of
three-nucleon systems [36,37] was very successful. In particular, it has been
clearly demonstrated that the new short-range three-body attractive force
induced by σ-meson exchange between the DBS and third nucleon (see the
Fig. 12) with the gσNN coupling constant adjusted to give the
3H binding
energy gives an important contribution to the 3N binding energy and other
properties of 3N -system, and can explain quantitatively all static properties of
3He and 3H ground states, including a precise parameter-free description of the
Coulomb displacement energy of 3He–3H [37], and all the charge distributions
in these nuclei.
In these 3N calculations done within the above dibaryon NN -force model with
additional incorporation of three-nucleon scalar forces shown by the graphs in
the Fig. 12, the weight of the dibaryon component in the 3N wave function
reaches as much as 10− 11% and its contribution to the total 3N binding en-
ergy is about 50% (!). In other words, half of the total nuclear binding comes
from the strong interaction of dibaryon with surrounding nucleons via the σ-
meson exchange [36]. Another important conclusion of these 3N calculations
is a strong density dependence of the effective two- and three-body forces in-
duced by the intermediate dibaryon generation. The density dependence has
a repulsive character and is qualitatively similar to that assumed in the phe-
nomenological Skyrme model. It is very likely that just the interplay between
the above density dependent repulsion and 2N and 3N attraction related to
the scalar meson exchange provides the saturation property of nuclear matter.
37
6 Conclusions
We developed in the work some covariant effective field-theoretical approach
toward the description of intermediate- and short-range components of NN
interaction and nuclear forces. The approach assumes that the nucleon-nucleon
interaction at intermediate and short ranges has a very complicated and mul-
tistep character. In the first step, the two-nucleon system goes, by color ex-
change, to the confined two-cluster CC configuration where the quark clusters
are moving at the end of a quantum string (inside of which the gluon fields
are localized). Excitations (i.e. vibrations and rotations) of this string can be
described by a relativistic covariant harmonic oscillator with a linear confine-
ment potential which leads quite naturally to the linear Regge-trajectory of
the respective excited levels of the string. In the next step, the string inter-
acts with vacuum meson fields (mainly π, σ and ω) and thus it goes to the
dibaryon stage by the respective dressing. It is shown that 2~Ω-excitation of
the string generates a strong scalar σ-field which, due to the strong attrac-
tion to the six-quark core, will compress and stabilize the resulting dressed
six-quark bag.
In some aspect the emerged picture should be rather similar to the concept of
“small chiral bag” suggested long ago by Brown and Rho [54]. In their model
the 3q-MIT bag is compressed by the strong pressure of its pion (chiral) field
to the small size where the additional inner kinetic pressure of free quarks
will compensate the external pressure of the pion field to the bag surface. In
our case, in contrast to the above “small bag model”, the main meson field
is a strong scalar σ-field which interacts with the six quark system in the
whole volume of the bag rather than on the its surface only. Another great
difference from the Brown-Rho model is the origin of the stabilizing field (σ in
our case). In our approach the main component of this scalar field is emerged
in deexcitation of the string from 2~Ω to 0~Ω states. Thus, in this process one
observes the transformation of the “color” energy of gluon fields (inside the
string) to the “white” energy of scalar meson field.
In the next stage of the process, the σ field will compress and stabilize the
six-quark bag and shift strongly its mass down to the pion-production thresh-
old. Thus this shift should be included to the polarization operator Π(P 2) of
the total string propagator. Further, keeping in mind a strong coupling of the
σ-meson to the two-pion channel one can predict from this specific dressing
mechanism an enhanced two-pion production in NN collision as compared to
the traditional OBE-models, the feature just observed experimentally. More-
over, almost the same mechanism can enhance quite naturally the single-pion
production in pp-collision and especially the near threshold π0 production.
The consistent theoretical explanation of which met so serious problems in
the recent decade [22]. Moreover, a quite similar two-stage mechanism (in
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first stage, the excitation of the color string with the subsequent transforma-
tion of the “color” string energy to the meson fields) should be responsible for
multi-meson production in NN and heavy ion collisions. So, by this way, the
multi-meson production in high-energy heavy-ion collision may give a good
test for the proposed color string model. The authors plan to return to this
point in their next papers.
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